A new synthetic strategy for the preparation of imidazo[1,2-a]pyridines 10 is reported, which is based on the electrocyclization reaction of imino pyridinium salts 7 upon treatment with a strong base. The starting materials are easily prepared from 2-aminopyridine (3) by imine condensation and subsequent alkylation at the pyridine nitrogen atom. The ring closure reaction of the zwitterionic intermediate 8 to give a five-membered ring proceeds in low yield forming first the dihydro compound 9, which under the reaction conditions is transformed into the corresponding aromatic compounds 10 and 11 by air oxidation. The mechanism of the electrocyclization reaction is interpreted in detail by quantum-chemical calculations.
Introduction
Imidazo [1,2-a] pyridines are examples of bridgehead nitrogen compounds, being of interest not only due to their manifold pharmaceutical activities [1] but also in view of their electronic properties, e. g. the use as chromophores [2, 3] . Several elegant methods for the synthesis of such compounds are reported in the literature [4, 5] . For pharmaceutical purposes it is of importance to have access to diverse substitution patterns. Often, this is a difficult task which requires several reaction steps [6] .
In the context of our previous work on the synthesis of five-and seven-membered nitrogen heterocycles by ionic electrocyclization reactions of azapolyenyl anions or cations, we became interested in the synthesis of imidazo [1,2-a] pyridines by such an electrocyclization route. For example Hunter et al. [7] and our group [8] reported on aza-and diazapolyenyl metal compounds which -depending on the position of the c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com nitrogen atom(s) -underwent electrocyclic ring closure reactions. Thus, polyenyl metal compounds with nitrogen atoms in even positions were found to be destabilized. They show a high tendency to transform into the more stable N-heterocyclic isomers [9] . Based on this concept we have described inter alia the efficient synthesis of 3-aminoindoles (2) starting from 2,6-diazaheptatrienyl metal compounds ( [1] − M + ) (Scheme 1) [10] .
Herein we investigate the utility of related zwitterionic compounds with nitrogen atoms in position 2 and 4 for heterocyclic synthesis (Scheme 2). Here, imino pyridinium salts 7 were chosen as starting materials, which were expected to generate the zwitterionic intermediate 8 upon treatment with base. The positive charge of 7 was assumed to facilitate the deprotonation, leading to an overall neutral equivalent of the previously investigated highly reactive 2-azapolyenyl anions. Similar to those, compounds 8 were expected to be destabilized intermediates, thus enabling a cycliza- tion reaction for stabilization to give the cyclic products 9. In this article we report on imidazo[1,2-a]pyridines of type 10, which were found to be the products of this ring closure reaction upon air oxidation of the initially formed dihydro compounds 9.
Results and Discussion

Synthesis of precursors
The 2-alkylideneamino-pyridinium salts 7, which were used as starting materials for the cyclization reaction, were synthesized by a two step procedure starting from the commercially available 2-aminopyridine 3 (Scheme 3). Condensation reaction [11] of 3 with various arylaldehydes 4 (2.0 eq.) led to imino pyridines 5. The excess of aldehyde was removed by Kugelrohr distillation. In some cases recrystallization was necessary for purification. Some compounds of type 5 have already been described in the literature [12, 13] . We were able to increase the yield of the imine products in several cases by the indicated reaction conditions (Table 1).
In the second step pyridinium salt (7) formation was achieved by pyridine-N-alkylation using various benzyl or allyl halides 6 in 10-fold excess. The yields ranged from moderate to excellent (Table 2 ). The benzyl derivatives (7a, b) were investigated with respect to a possible five-membered ring formation, the allyl derivatives (7c-f) might also be suitable for the corresponding seven-membered products.
All 2-alkylideneamino-pyridinium salts 7 turned out to be very hygroscopic, which in some cases is fatal since their imine functionality is highly sensitive towards moisture and thus prone to hydrolysis. In any case, these compounds are very sensitive and have Scheme 3. Synthesis of 2-alkylideneamino-pyridinium salts 7. to be stored under argon. For the imino pyridinium salt 7a, we were able to grow crystals suitable for X-ray diffraction (Fig. 1) . The benzylideneamino substituent is in plane with the pyridine framework. A value of 1.259(4)Å was found for the E-configured imine bond. The phenyl ring of the benzyl group is placed out of plane with a dihedral angle of 84.
Synthesis of imidazo[1,2-a]pyridines
To generate the reactive 2,4-diazaheptatrienyl zwitterionic compounds 8 the imino pyridinium salts 7a, b were deprotonated using KOtBu in THF (Scheme 4). After stirring at 50 • C for 4 h while monitoring by TLC and NMR, the imidazo[1,2-a]pyridines 10a, b were ob- tained in low yield after purification by column chromatography. Interestingly, compounds 10a, b are products of an oxidation process, most likely due to the workup under air. Similarly, the allyl derivatives 7c -f were deprotonated using KOtBu under the same reaction conditions as described above. Here, the major products were imidazo[1,2-a]pyridines 10c and 10e, which were found in 11 -18 % yield. Products of the formation of species with seven-membered rings (12) were not observed. The formation of compounds 10c and 10e may be traced back to an internal redox process (hydrogen transfer from the newly formed heterocycle to the allyl system) (Scheme 5). Additionally, traces of oxidized compounds 11c and 11e were detected by 1 H NMR spectroscopy in admixtures with 10c and 10e (Table 3) , again possibly formed due to workup under air. In case of 7e we were not able to isolate any products (e. g. 10d), because of the fast decomposition of the starting material.
In case of 10b it was possible to grow single crystals for X-ray diffraction. Compound 10b has already been mentioned in the literature, but no analytical data was given [3] . The framework of the imidazo-[1,2-a]pyridine is planar (Fig. 2) . The naphthalen-2-yl substituent is twisted relative to the core structure by a torsion angle of 23.8(3) • (N7-C8-C10-C11). The torsion angle between the phenyl substituent and the imidazopyridine substructure amounts to 55.3(3)
• (C8-C9-C20-C21). For the imidazole substructure, the lengths of the C-N bonds amount to 1.392(2)Å (N1-C6), 1.391(2)Å (N1-C9), 1.328(2)Å (C6-N7), and 1.376(2)Å (N7-C8), respectively.
Several attempts were undertaken to optimize the conditions of the cyclization reaction. Changing the solvent from THF to DMF causes a better solubility of the pyridinium salt but the yield was not significantly increased. By use of different bases (LDA, LiTMP, LHMDS), lower temperatures and the explicit application of oxidants like DDQ the yields of 10 (and 11) could not be increased further. Purification was further attempted by recrystallization and column chromato- graphy on either silica gel or aluminum oxide. The analysis of the crude reaction mixture suggested that a high amount of the starting material decomposed prior to the 1,5-electrocyclic ring closure reaction. Typical decomposition products which could be identified were products of imine hydrolysis.
Mechanistic considerations and quantum-chemical calculations
In order to interpret the experimental results, e. g. the preferred formation of the five-membered ring over the seven-membered ring from compound 7c, highlevel quantum-chemical calculations were performed. Two levels of methods were employed: The geometries of the species corresponding to minima and transition states were optimized using the B3LYP/6-31+G(d) method [15] as implemented in the program GAUS-SIAN 09 [16] . Frequency and IRC calculations were used to characterize the stationary points on the energy hypersurface. Single point energies were obtained using the SCS-MP2 method of S. Grimme [17] . Furthermore B97-D/def2-TZVP geometry optimizations were performed to account for dispersion effects [18] . The methods give similar results, except for the significantly lower relative energy of the final products as calculated by the SCS-MP2 method. All energies reported here contain zero point correction (ZPE).
Schemes 6 and 7 illustrate the proposed mechanism for the cyclization of N-allyl compound 7c. In Scheme 6, the formation of the cis-and transconfigured five-membered ring systems cis-and trans9c is shown. In accordance with the concept of electrocyclization reactions of azapolyenyl anions from previous studies, a quite exothermic reaction enthalpy was calculated for both products with a small preference -as expected -for the trans product. Interestingly, several internal rotational changes are necessary to achieve the necessary conformation for the cyclization step. The rotation of the allyl moiety attached to the pyridinium nitrogen atom affords the highest activation barrier. Thus, the formation of the trans products is predicted to be kinetically disfavored. Experimentally, cis and trans products can not be distinguished due to the immediately following oxidation step. Similarly, the formation of the seven-membered ring system 12c (Scheme 7) suffers from the barriers of such rotational isomerizations, in spite of the small barrier of the final cyclization step and its exothermicity. In summary, these calculational results are in agreement with the experimental findings and reaction conditions. In Scheme 8, two products derived of compound 9c are compared with respect to their relative energies. The formation of the aromatic species 10c by an intramolecular redox process is highly favored, the dehydrogenated species 11c, which is observed as minor species, might be formed more likely from 9c than from 10c, if dihydrogen is efficiently removed by oxidation.
The transition states, leading to the cis-and transconfigured five-membered ring systems 9c, are characterized by the features of a 6π-disrotatory ring closure reaction. They are almost planar with unexpectedly long C··· C distances of the developing bonds (about 2.6Å). The terminal carbon atoms show only small charge separation of 0.2 and 0.24 electrons (NBO calculations) [19] , the NICS(0) values [20] are quite negative (−11.0 to −11.4 ppm), which is well in accordance with Hückel aromaticity.
The helical transition state, however, leading to the seven-membered ring (12c), involves 8π electrons and indicates a conrotatory movement of the two termini. Here, we find significant charge separation between the two reacting carbon atoms (2.49Å bond length, 0.48 electrons, exclusively located on the allyl terminus) and a NICS(0) value of −8.9 ppm. Thus, we conclude that here the transition state is Möbius-like with significant charge control. These data allow the interesting comparison to our earlier reported anionic cyclization reactions [8, 10] , where certainly counterion effects played an important role, which is of no or little influence for the neutral zwitterionic species investigated here.
Conclusion
2-Alkylideneamino-pyridinium salts 7 were investigated with respect to their ability as precursors for the synthesis of bridgehead nitrogen heterocyclic compounds like imidazo[1,2-a]pyridines. In the literature the synthesis of these compounds usually requires several reaction steps and various expensive starting materials. Using the synthetic pathway described here the starting materials for the cyclization reaction could be obtained in moderate to excellent yields by use of cheap reagents and easy purification. The last reaction step, the 1,5-electrocyclic reaction, turned out to be more difficult, and the products were obtained only in low yield. However, the confirmation of the successful synthesis of the imidazo[1,2-a]pyridines by NMR spectroscopy and X-ray diffraction analysis makes this pathway interesting for further investigations. Quantum-chemical calculations of the ring closing process allow valuable comparisons of these zwitterionic systems with the earlier studied azapolyenyl anion cyclization reactions.
Experimental Section
General information 1 H and 13 C NMR spectra were recorded at 298 K on ARX 300, AV300, WM300 and AMX400 spectrometers from Bruker, on a Jeol AL-400 spectrometer and on Inova 500 and Unity 600 spectrometers from Varian. Chemical shifts are given in parts per million (ppm) and were referenced to the residual proton signal of the solvent. Electron spray ionization (ESI) mass spectra were measured on a quadrupole mass spectrometer Quattro LC-Z from Micromass. Exact masses were measured with a MAT 8200 spectrometer from the same manufacturer. Melting points were determined with a Büchi melting point B-540 apparatus and are uncorrected. Column chromatography was carried out using Merck silica gel 60. Solvents were purified and dried using standard procedures. THF was kept refluxing over potassium and was freshly distilled prior use. Dichloromethane was distilled over phosphorous pentoxide and filtered through alumina before use. Toluene was distilled over sodium and kept over molecular sieves (4Å).
General procedure for the synthesis of methylidene-pyridine-2-amines 5
In a Schlenk flask containing molecular sieves 4Å, 2-aminopyridine (3) (1.0 eq.) was dissolved in dry CH 2 Cl 2 . Then, 2.0 equivalents of aldehyde 4 were added in pure form or dissolved in dry CH 2 Cl 2 . The reaction mixture was stirred for a defined period of time and was subsequently filtered through a pad of celite which was washed with CH 2 Cl 2 (3 × 50 mL). The excess of aldehyde was removed by Kugelrohr distillation. For some compounds additional recrystallization was necessary to obtain the pure product.
(Phenyl-meth-(E)-ylidene)pyridin-2-yl-amine (5a)
13.85 g (0.15 mol) of 2-aminopyridine was dissolved in 100 mL of dry CH 2 Cl 2 . Subsequently, 29.76 mL (0.30 mmol) of benzaldehyde was added. Recrystallization from pentane gave 25.51 g (0.14 mol, 96 %) of 5a as colorless crystals. The analytical data correspond to the literature [12] . 
General procedure for the synthesis of 2-alkylideneaminopyridinium salts 7
In a Schlenk flask the amino-2-pyridines 5 (1.0 eq.) were reacted with an excess of different halogenides (10.0 eq.). After 48 h of stirring the precipitate was filtered and washed with diethyl ether (3 × 100 mL). Afterwards the salt was dried in vacuo. These very hygroscopic compounds were used for follow-up reaction without further purification. 
1-Benzyl-2-[(1-phenyl-meth-(E)-ylidene)amino]pyridinium bromide (7a)
1-Allyl-2-[(1-phenyl-meth-(E)-ylidene)amino]pyridinium iodide (7d)
